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In previous geographical genomics studies of the impact of lifestyle on gene expression
inferred from microarray analysis of peripheral blood samples, we described the complex
influences of culture, ethnicity, and gender in Morocco, and of pregnancy in Brisbane. Here
we describe the use of nanofluidic Fluidigm quantitative RT-PCR arrays targeted at a set of
96 transcripts that are broadly informative of the major axes of immune gene expression,
to explore the population structure of transcription in Fiji. As in Morocco, major differences
are seen between the peripheral blood transcriptomes of rural villagers and residents of
the capital city, Suva.The effect is much greater in Indian villages than in Melanesian high-
landers and appears to be similar with respect to the nature of at least two axes of variation.
Gender differences are much smaller than ethnicity or lifestyle effects. Body mass index
is shown to associate with one of the axes as it does in Atlanta and Brisbane, establish-
ing a link between the epidemiological transition of human metabolic disease, and gene
expression profiles.
Keywords: epidemiological transition, gene expression profiling, body mass index,TLR signaling, axes of variation
INTRODUCTION
Globally, a major shift in public health burden known as the
epidemiological transition has seen a shift from infectious dis-
ease to a Western profile of chronic metabolic diseases in most
developing countries over the past three decades (Jamison and
Mosley, 1991; Murray and Lopez, 1997). Globalization and urban-
ization have for example had a major influence on nutrition, eating
habits, and lifestyle in the South Pacific (Hughes and Marks, 2009;
Siefkenm et al., 2012). There have been significant changes in food
production, processing, storage, and distribution, possibly also
contributing to the epidemic of metabolic disease. In Fiji there
has been a radical dietary shift from consumption of traditional
food such as root crops, vegetables, and seafood, to western diets
that are high in refined sugars and fats (Thaman, 1988; Lako, 2001;
Mavoa and McCabe,2008), and this is reflected in a 62% increase in
fat intake since 1963 (Ulijaszek, 2009). In addition, physical activ-
ity has decreased and it is estimated that as few as 3.3% of people
engage in regular strenuous activity (Schultz et al., 2007). Obe-
sity and overweight in adults rose from 23 to 32% and 10 to 24%
respectively between 1993 and 2004, increasing in both ethnici-
ties and genders, and particularly in the urban populations (Saito,
1995; Schultz et al., 2007). Concomitantly, diabetes prevalence in
adults 40 years and above has risen to 41% (Brian et al., 2010), and
a Fiji National Food and Nutrition Center report (Schultz et al.,
2007) has also showed that hypertension rates almost doubled
from 10% in 1993 to 17% in 2004, again in both ethnicities and
genders.
We have begun to investigate this transition at the molecular
level by profiling variation in gene expression within and between
population groups where two or more lifestyles and ethnicities are
present in the same country (Idaghdour et al., 2008). Substantial
heritability for gene expression is observed in whole blood (Powell
et al., 2012), lymphoblast cell lines (Monks et al., 2004; Cheung
et al., 2005), and tissue biopsies (Myers et al., 2007; Emilsson
et al., 2008; Schadt et al., 2008), but it is also clear that envi-
ronmental and cultural factors are just as important influences
on individual profiles (Gibson, 2008). Studies have documented
influences on immune profiles of such diverse environmental
agents as exposure to pollution (Peretz et al., 2007), chemicals (Fry
et al., 2007; Dakeshita et al., 2009), viral, and bacterial infection
(Fink et al., 2007), pregnancy (Mason et al., 2010), and even the
stress of taking exams (Kawai et al., 2007). Geographical genomic
analysis of gene expression (Idaghdour et al., 2010) combines
genome-wide expression profiling (GEP) with the mapping res-
olution of genome-wide association studies (GWAS; Gilad et al.,
2009; Skelly et al., 2009; Kim and Gibson, 2010) where including
geographic factors as a covariate makes possible the investiga-
tion of quantitative variation at the molecular level in human
populations.
Our first study to directly contrast ethnic and environmental
influences on the regulation of gene expression was through sam-
pling peripheral blood leukocytes in genetically similar nomadic,
rural, and dense urban Moroccan Amazigh populations (Idagh-
dour et al., 2008). More than one-third of the transcriptome was
differently expressed in the three different regions suggesting an
effect of environmental geography on gene expression. Several
genes which are part of the immune response network varied in
their mRNA abundance (Idaghdour et al., 2008). We followed up
by including people of Arab decent in order to test whether geog-
raphy or population structure affects expression levels through
expression SNPs (eSNPs; Idaghdour et al., 2010). Again, over a
third of all genes were differently expressed between rural and
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urban settings, but differences between Arabs and Berbers were
only seen in the rural villages, not in the city of Agadir. Fur-
thermore, there was no evidence for genotype-by-environment
interactions at the level of cis-regulation of transcript abundance
(Idaghdour et al., 2010). Here we evaluate how general this phe-
nomenon is by surveying gene expression in another developing
country, Fiji, where the local population is undergoing rapid
transition as people are moving into larger cities and towns.
We utilize nanoscale quantitative RT-PCR (Spurgeon et al.,
2008) for cost-effective targeted gene expression profiling, in
place of expensive microarray analyses. Analyses of multiple
large peripheral blood transcription studies of healthy adults in
Morocco (Idaghdour et al., 2010), Brisbane (Mason et al., 2010),
Atlanta (Preininger et al., submitted), and elsewhere (Berry et al.,
2010; Inouye et al., 2010; Powell et al., 2012), allowed us to iden-
tify nine common axes of variation that collectively account for
at least one-half of all blood transcriptional variance (Preininger
et al., submitted). Just the first seven were known at the time
the experiments reported here were performed, and each of
these is represented by approximately 10 PCR primer pairs that
amplify representative Blood Informative Transcripts (BIT). The
axes themselves appear to reflect gene activity related to specific
immune functions, from B and T cell signaling to metabolism,
inflammation, and anti-viral response (Preininger et al., submit-
ted). Profiling these representative BIT thus gives an impression
of the overall transcriptional state of each person’s blood and
immune system. Only specific axes differentiate lifestyle groups in
Morocco or disease states in diverse studies, and we were interested
to ask whether the same is true of Fijians.
MATERIALS AND METHODS
SAMPLES
The Fiji Islands lie in the Melanesian region of the South Pacific
Ocean (18.1667′South, 178.4500′East: Figure 1). They comprise
approximately 300 islands, the two largest of which are Viti Levu
and Vanua Levu, where 87% of the population of nearly 860,000
reside. The two main ethnic groups are native Melanesian Fijians
(57%) and Indian Fijians (38%) who mostly descend from set-
tlers who arrived under the indenture system from southern and
northern parts of India around 130 years ago (Lal, 1986). It has
been estimated that 52% of the total population live in urban
settings, and this proportion is projected to increase to 53.5%
by 2030 (Fiji Bureau of Statistics; http://www.statsfiji.gov.fj). The
remainder live in rural villages around the coastal plains, in the
mountainous central regions, or on small islands. We have not
included genotypic profiling in this study, but note that here is no
RakiRaki
Nadarivatu
Suva
Bua
Vanua Levu
Viti Levu
Labasa
FIGURE 1 | Map of Fiji islands showing the sampling locations. A total of
179 samples were collected from four rural Melanesian Fijian villages in two
Western regions of the main island of Fiji (Viti Levu):Nadarivatu (villages of
Naga and Koro) and Rakiraki (Nasavu and Nauria) highlighted in yellow, from
rural Indian settlements in Northern regions of the second large island of Fiji
(Vanua Levu): Bua region (Vatubogi and Luvuluvu) in blue, and from
Melanesian and Indian Fijians living in the capital city of Fiji, Suva from which
all of the urban samples were obtained, indicated in green.
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reason to expect genetic divergence between urban and rural pop-
ulations of either ethnicity, since the former are drawn essentially
at random from the large pool of diversity present in Melanesians
or the Indian settlers.
The study was approved by the institutional review boards of
the Georgia Institute of Technology and the Fijian Ministry of
Health (Fiji National Research Ethics and Review Committee).
Under informed consent, approximately 10 ml peripheral blood
samples were collected into LeukoLOCK filters, which size frac-
tionate red blood cells and platelets, and retain leukocytes that are
then immediately preserved in RNAlater solution (Feezor et al.,
2004).The samples were obtained from 179 healthy adults from
remote rural villages and from the capital city of Suva, with an
approximately equal representation of both ethnicities and of
men and women. All samples were collected and processed in
the same manner as far as possible. The Rural Fijian and Indian
samples were collected over the course of 5 days in September,
2010 and 2 days in April 2011 respectively. The urban samples
were collected over 3 months from July to September, 2010. All
the samples were collected in the day time between 10 a.m. and
4 p.m. They were shipped to Atlanta for RNA extraction at which
point an unexpected RNA degradation issue was encountered, that
required statistical adjustments during the analysis as described
below.
An initial Illumina-HT12 whole transcriptome profiling exper-
iment was performed with 41 samples of remote Melanesian
villagers and urban residents. Subsequently, after removal of sam-
ples with very poor quality RNA, 124 samples were retained for
Fluidigm qRT-PCR profiling.
Seventy-three samples were obtained from the rural Fijian vil-
lages of Naga, Koro, Nasavu, and Nauria which are are located in
the highland district on the north side of Viti Levu Island. Naga
and Koro, in the Nadarivatu region, are respectively 92 and 100 km
from Tavua township and have total populations of 150 and 143
adults and children. Nasavu and Nauria are 65 and 80 km from the
township of Rakiraki and have populations of 98 and 150 respec-
tively. All four villages are mainly self sustaining with home grown
fruits, vegetables, and root crops. The men are farmers who plant
root crops and “kava” (Piper methysticum) which is the traditional
Fijian drink grown by these villagers. The main source of water is
tanks and springs, and Koro, Nasavu, and Nauria lack electricity
with a few houses in each village having diesel generators for night
use.
Fifty-two samples were obtained from rural Indians residents
of the LuvuLuvu and Vatubogi settlements in the interior Bua dis-
trict of Vanua Levu, approximately 130 km from the township of
Labasa. They have total populations of 71 and 67 people respec-
tively. The villagers are farmers and rely on home grown vegetables,
lentils, and rice as their daily food. They also keep livestock such
as chicken and goats as a source of income. These Indian villagers
used coconut oil exclusively for cooking, whereas the Melanesian
villagers and urban residents involved in this study have come
to rely on processed, imported vegetable oil for cooking. The
villagers used spring water and their source of night time elec-
tricity is diesel generators. There is no ethnic mixture between the
Indian and Fijian rural localities. All the men from the two rural
populations have been living in their respective localities since
birth. The women typically had moved to the stated localities after
marriage from other rural villages.
Fifty-four urban samples were a mixture of Melanesian
(n= 28) and Indian (n= 26) Fijians residing in the capital city
of Suva. All men and the majority of the women work in indus-
tries in the main city. The urban population generally consumes
processed foods and purchase their fruit and vegetables from city
markets.
RNA EXTRACTION, RNA QUANTIFICATION AND RNA QUALITY
ANALYSIS
RNA from the leukocytes was extracted using the LeukoLOCK™
Total RNA Isolation system (Ambion, now Applied Biosys-
tems/LifeTechnologies, Carlsbad CA, USA). RNA quantity was
checked using a GE NanoVue Spectrophotometer. The quality of
the total RNA was determined using an RNA 6000 Nano LabChip
kit in conjunction with an Agilent 2100 Bioanalyzer which con-
trasts the ratios of the mRNA and the 18S and 28S ribosomal RNA
peaks as a measure of RNA degradation or DNA contamination.
Samples that had RIN (RNA Integrity Number) greater than three
were retained for potential expression profiling, though many of
these were subsequently removed. Since repeated measures of RIN
are often off by as much as two “points,” we classified the samples
into RIN categories – BAD samples (RIN< 3 or aberrant over-
all profile, see Figure A1 in Appendix), POOR (3<RIN< 6), OK
(6<RIN< 8), or GOOD (RIN> 8) – to adjust for RNA quality,
as this avoids over-fitting. An additional filter based on overall
distribution of Ct values led to removal of all of the very low
RIN samples and a handful of the other samples that may have
other issues not indicated by the Bioanalyzer analysis. This also
allowed us to include some samples that would normally be dis-
carded, while still adjusting for RIN effects by linear modeling. All
analyses were also performed only on the higher quality samples.
GENE EXPRESSION PROFILING
Whole transcriptome profiling was performed using Illumina-
HT12 bead arrays (San Diego, CA, USA) at Expression Analysis
(Durham, NC, USA) using RNA extracted from the LeukoLock
filters according to manufacturer’s recommendations. Raw probe-
level data, namely average bead intensity for each probe from the
Illumina Bead Studio, was log2 transformed, and 14,343 probes
that we routinely find expressed in peripheral blood (Preininger
et al., submitted) were retained for analysis, with expression
of other transcripts deemed statistically indistinguishable from
background.
Quantitative RT-PCR was performed using Fluidigm 96× 96
nanofluidic arrays (Peretz et al., 2007), targeting 96 genes that
we had selected to represent the seven major axes of gene expres-
sion variation in peripheral blood (Preininger et al., submitted), as
well as 24 genes representing inflammatory signaling and pattern
recognition receptors. Two overlapping sets of transcripts (Table
S1 in Supplementary Material) were profiled in two experiments,
each using two Fluidigm plates, performed 4 months apart, so as to
generate partially independent representations of the axes of varia-
tion. All 41 samples were also included in the RT-PCR analyses. For
the first experiment, 106 samples derived from two parallel Flu-
idigm arrays were analyzed after removing outlier profiles, while
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109 samples were included in the analysis of the second experi-
ment, with 86 samples included in both analyses (see Flowchart
Figure A2 in Appendix). Briefly, nanoscale qRT-PCR is performed
in three steps: purified total RNA is converted to single stranded
cDNA using polyT priming, then all of the targeted genes are pre-
amplified in a single 14-cycle PCR reaction for each sample by
combining 100 ng cDNA with the pooled primers and TaqMan
Pre-Amp Mastermix (Fluidigm BioMark™) following conditions
outlined in the manufacturer’s protocol, and finally 9,216 parallel
qRT-PCR reactions are performed for each primer pair on each
sample on a 96× 96 array. Primers were synthesized by Invitrogen,
and we used the EvaGreen detection assay on a Biomark I machine
following standard Fluidigm protocols.
STATISTICAL ANALYSIS OF TRANSCRIPT ABUNDANCE
All statistical data analysis was carried out using SAS JMP
Genomics (Cary, NC; Idaghdour et al., 2010), using the standard
gene expression workflow on mean-centered standardized gene
expression measures after fitting a categorical measure of RNA
quality to each probe. The array data was first normalized using
median centering across samples. In order to ensure that RNA
quality does not influence the results, RIN was categorized into
three levels as stipulated above, and these were regressed against
the median-centered Ct values. The residuals were converted to
standardized z-scores and these were once more mean-centered.
The resultant 96-transcript profiles are no longer affected by RIN.
The positive impact of similar supervised normalization strategies
are described in (Mason et al., 2010; Qin et al., 2012).
For the Illumina arrays, the standard normalized gene expres-
sion values are proportional to transcript abundance, whereas the
Fluidigm values derive from Ct values and are inversely propor-
tional to abundance (since more strongly expressed transcripts
appear at an earlier cycle). Variance component analysis was per-
formed on the first five principal components to evaluate the
contributions of gender, lifestyle, and ethnicity on transcript abun-
dance. Analysis of variance was performed at the probe-level,
testing for influences of Lifestyle (Rural versus Urban), Ethnicity
(Melanesian versus Indian), or the combined Type (Rural Melane-
sian, Rural Indian, Urban Melanesian, Urban Indian). Standard
linear regression on age and BMI was also performed.
Axes of variation (Preininger et al., submitted) were extracted
in clusters of up to 12 transcripts representing each of seven axes,
by generating the first principal component of the correlation of
the standardized probe abundance (or Ct count) for each axis, with
imputation of these PC1 scores if any of the transcript measures
were missing data in the Fluidigm experiments. The derivation
of blood informative axes of variation is described in detail in
(Preininger et al., submitted). Briefly, Chaussabel et al. (2008)
identified 28 modules of conserved gene expression in peripheral
blood across multiple disease classes, but we have observed that
these modules reduce to seven common axes in each of more than
a half dozen population-based healthy adult peripheral blood gene
expression studies. Further manipulations have since revealed two
additional axes. Each axis is enriched for specific gene ontologies
such a T cell signaling, anti-viral response, or innate immunity.
The axes are sufficiently highly conserved that it is possible to use
the abundance of just 10 very strongly correlated transcripts as a
proxy for the axis, and the first principal component of these“BIT”
can then be used to profile the major axes of gene expression.
Analysis of variance was then used to contrast the distribution
of the axes scores according to Lifestyle and Ethnicity, or linear
regression was performed to test the association with anthropo-
morphic measures (height, BMI, age, gender). Raw and trans-
formed data for all experiments can be obtained from the authors’
website as Table S1 in Supplementary Material, and experimen-
tal design files are in Table S2 in Supplementary Material. Axes
comparison for BMI was done with the axes derived from tran-
scriptome data of peripheral blood samples from our CHDWB
(Center for Health Discovery and Well-Being) study in Atlanta
(Preininger et al., submitted; Qin et al., 2012), which includes
expression profiling of peripheral blood samples from 189 indi-
vidual participants aged between 25 and 75 years, broadly rep-
resenting the diversity of ethnic (Caucasian, Asian, and African
American) and socioeconomic groups in the city.
RESULTS
MICROARRAY PROFILE COMPARISON OF URBAN RESIDENTS AND
RURAL MELANESIANS
Expression profiles generated on Ilumina-HT12 bead arrays for
41 individuals (14 urban Melanesians, 10 rural Melanesians, and
17 urban Indians) were analyzed for 14,343 probes. The corre-
lation heat map (Figure 2A) seems to show some separation of
urban Melanesians (brown samples) from rural Melanesian and
urban Indians (blue and yellow samples respectively), but this dif-
ferentiation is not significant since none of the first five principal
components is associated with either Lifestyle or Ethnicity. Sim-
ilarly, neither Age nor Gender associate with the major principal
components and each factor explains less than 5% of the total vari-
ance (Figure 2B shows the contribution of the three categorical
variables lifestyle, ethnicity and gender to all of the PC, weighted
by the contribution of each PC to the total variance). Although the
sample sizes are small, a comparison of rural villagers and urban
residents in southern Morocco with similar numbers of samples
did indicate differentiation of over one-quarter of the transcrip-
tome (Idaghdour et al., 2008). This suggests that there has been
relatively little modification of peripheral blood gene expression as
Melanesians have adopted the urban lifestyle. Alternatively, while
the highland villages are remote, there may be sufficient similar-
ity of diet and other aspects of lifestyle to homogenize the gene
expression profiles of all modern Melanesian Fijians.
FLUIDIGM PROFILE COMPARISON OF MELANESIANS AND INDIANS
FROM RURAL AND URBAN SETTINGS
In order to extend this analysis to a larger sample including rural
Indians, we next performed targeted gene expression profiling
of 96 transcripts. Recent work in our lab contrasting multiple
cohorts indicates that at least nine major axes of gene expression
variation account for in excess of half the variance of all periph-
eral blood transcripts measured on microarrays. These axes are
thought to reflect particular aspects of blood function from innate
immune activation to inflammation and anti-viral response, and
can be captured as the first principal component of just 10 tran-
scripts that are most strongly associated with the axes (Preininger
et al., submitted). We reasoned that coregulation of these BITs
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FIGURE 2 | Variance components of the illumina transcriptome. The
heat map (A) shows overall similarity of the expression profile across
14,343 probes by comparing each of 41 individuals to one. The brown,
blue, and yellow color coding in the column to the left of the heat map
indicates urban Melanesians, rural Melanesians, and urban Indians
respectively. Red squares indicate strong positive correlation, blue
squares indicate strong negative correlation, and lighter shades of red
and blue indicates weak correlations. (B) Shows the weighted average of
the variance captured by the first five principal components that is
explained by Lifestyle, Ethnicity, and Gender.
might also be detectable with qRT-PCR arrays, and here tested the
first seven axes using two overlapping sets of BITs listed in Table
S3 in Supplementary Material. Additional probes were included
representing cell surface markers and intracellular inflammatory
signaling pathways.
Before describing the Axis associations, we first present the vari-
ance components analysis of the first five principal components
of gene expression measured on the Fluidigm arrays. In experi-
ment 1, there were 106 individuals with high quality profiles, and
94 probes with signal above background in most individuals. PC1
through PC5 explain 61.7% of the variance in Ct counts, and
Lifestyle (Urban versus Rural) explained 16.8% of this variation
while Ethnicity (Melanesian versus Indian) just 9.3% (with non-
significant Gender contributions; Figure 3A). Most of these effects
are due to differentiation of rural Indians from the Melanesians
and urban residents for PC1, 2, and 4 as shown in Figures 3C,D
and Table 1. Qualitatively similar results were obtained for exper-
iment 2 in which 109 individuals had high quality profiles and
90 probes were included in the analysis. In this case, PC1 through
PC5 explain 60.2% of the variance in Ct counts, of which 7.2% was
explained by Lifestyle and 5.1% by Ethnicity (Figure 3B). Each of
these contributions is significant at p< 0.05, as random permu-
tation of labels with respect to expression profiles established that
no more than 3% of the variation is explained by chance at this
level.
One way ANOVA was performed to identify individual tran-
scripts that differentiate the four combinations of lifestyle and
ethnicity. The volcano plots in Figure 4 confirm that the rural
Indians diverge significantly from the other three population
groups. Each plot shows the fold difference in expression on the
x-axis with significance on the y-axis represented as the nega-
tive logarithm of the p-value. Since only one gene is expected at
NLP> 2 in each pair-wise comparison, we adopt this threshold as
an approximate false discovery rate cut-off. Genes more highly
expressed in rural Indians than rural Melanesians are colored
red in Figure 4A, and those down-regulated in this comparison
are in green. This contrast carries through in the comparisons
of rural Indians with urban Melanesians (Figure 4B) and urban
Indians (Figure 4C). Most of the down-regulated genes in the
rural Indians (that is, high Ct counts and hence lower expression)
are annotated to anti-viral response (SERPING1, DDX24, OAS3,
MX1, OASL, IRF1) or inflammation/neutrophil signaling (IKBKB,
IRAK1, AKT1, ZDHHC18, NUP214), implying a generally lower
immune response. The comparisons involving rural Fijians and
the urban population groups (Figures 4D–F) do not reveal any
significant differences.
These results imply that for a targeted subset of loci that are
thought to capture major axes of blood and immune function,
there is clear differentiation of the rural Indians from the other
individuals. To explore whether this is restricted to particular
Axes, we generated PC1 for each of the seven axes in the two
experiments that utilized partially overlapping probe sets. The
correlation between scores for the 120 individuals in common
in the two experiments are uniformly high as shown in Figure 5A
and the last column of Table 2, indicating that the Axes scores
replicate, and hence do capture common Axes of coregulation.
Axes 1 and 6 are positively correlated, as are Axes 4 and 5 to
some extent, as previously observed in other datasets, and here
we also observe some similary with Axis 2. Axis 7 is enriched for
anti-viral responses and is typically distinct, though it is mildly
correlated with Axis 5 here (it was not represented in the experi-
ment 1 array). To confirm that these correspond to Axes identified
using Illumina microarrays, we also generated the scores for the 41
individuals included on both platforms, and consistently observed
a negative correlation (results not shown), as expected since lower
Ct counts correspond to higher gene expression and higher bead
fluorescence.
ASSOCIATION OF GENE EXPRESSION WITH LIFESTYLE AND BODY
MASS INDEX
Next we asked how the Axes correlate with Lifestyle, Ethnicity,
and BMI. In both Fluidigm experiments, significant divergence
between rural Indians and the other three groups was seen for
Axes 2, and 6, while rural Melanesians show a non-significant
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FIGURE 3 | Variance and principal component analysis of the
Fluidigm experiments. (A,B) The weighted average amount of variance
captured by Lifestyle, Ethnicity, and Gender in each of the two Fluidigm
experiments (the Gender effect is not significant by permutation). (C,D)
Each plot shows the PC1 (A) or PC2 (B) score for each individual in
Fluidigm experiment I, clustered by lifestyle and ethnicity for the four
localities: rural Melanesian (RUR_MEL), rural Indians (RUR_IND), urban
Melanesians (URB_MEL), and urban Indians (URB_IND). (C) PC1 appears
to be divergent in Rural Indians (rural Indians lower, p<10−9). (D) PC2
also appears to be divergent in urban Melanesians, but in experiment 2 it
is only the rural Indians who have low scores, and the median urban
Melanesian score here is elevated.
Table 1 | Principal components of fluidigm gene expression measures.
Principal Component PVE I 1 PVE ii 1 LIFE I 2 LIFE ii 2 ETHN I 2 ETHN ii 2 L×E i2 L×E ii 2
PC1 24.9 13.2 1.1×10−9 1.1×10−5 9.4×10−4 0.098 0.17 0.064
PC2 16.9 19.0 0.68 0.29 0.20 0.0040 5.2×10−4 0.0051
PC3 9.4 12.9 0.47 0.25 0.97 0.40 0.24 0.64
PC4 5.6 8.7 2.1×10−4 0.12 1.1×10−7 0.69 0.063 0.31
PC5 4.9 6.4 0.55 0.0047 0.27 0.22 0.15 0.92
1Percent of overall variance in standardized Ct measures explained by the PC.
2Significance of the regression on Lifestyle, Ethnicity, or of the Interaction term, in Experiments I and II.
trend toward lower expression of Axis 7 (Figure 5). Axes 1, 4, and
5 showed much weaker influences of Lifestyle that did not repli-
cate in both experiments (Table 2) these influences can also be
attributed to covariance between these axis scores and the more
significant axes. In multiple large Illumina peripheral blood gene
expression profiling experiments conducted in Atlanta (Preininger
et al., submitted), Brisbane (Mason et al., 2010), and Finland
(Inouye et al., 2010), Axis 2 also associates with BMI. Overall,
this is also true in Fiji (Figure 6A), but not when broken down
by population group. Since rural Indians tend to have lower BMI
than rural Melanesians, and in turn urban residents of both eth-
nicities, the Axis 2 association with Lifestyle may be in part due
to the effect of obesity on this axis of gene expression. A similar
phenomenon is observed in our Atlanta study, where there is very
strong association between Axis 2 and BMI in Caucasians, but no
relationship in African Americans (Figure 6C). This may reflect
a true differentiation between ethnic groups, or be an artefact of
the distribution of BMI scores. Splitting the Atlanta dataset into
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FIGURE 4 | Volcano plots of statistical significance of transcript
abundance changes between the different locations and ethnicities.
For each gene, significance is indicated by negative log10 p-value is on
the y -axis, and the standardized difference in log2 Ct scores on x -axis
(positive values imply higher Ct values and hence lower expression).
Pair-wise comparisons are made between the rural Fijian (RUR_FIJ), rural
Indians (RUR_IND), urban Fijians (URB_FIJ), and urban Indians
(URB_IND). Rural Indians are the most diverse of the groups as seen in
(A–C). No significant divergence was seen between the rural Fijian,
urban Indians, and urban Fijians (D–F).
Table 2 | Blood informative transcript axes.
Axis Experiment I Experiment II Correspondence4
N genes1 PC12 PLifeEthn3 N genes1 PC12 PLifeEthn3 Adj RSq P corr
Axis 1 10 36.0 0.12 10 38.5 0.18 0.27 1.6×10−7
Axis 2 9 41.5 2.0×10−6 10 33.6 0.014 0.46 1.1×10−12
Axis 3 10 27.4* 0.0012 12 32.4 0.028 0.32 1.0×10−8
Axis 4 9 42.7 0.012 13 38.8 0.0019 0.16 1.1×10−4
Axis 5 11 37.1 0.0028 12 35.8 0.0039 0.11 2.9×10−3
Axis 6 10 37.1 6.6×10−6 9 39.5 0.0010 0.78 2.6×10−29
Axis 7 10 48.1 0.31 N/A
1The number of transcripts contributing to the Axis in each experiment.
2The percent of variants for the contributing transcripts that is explained by PC1 in all samples.
3The p-value from an ANOVA of the effect of lifestyle and ethnicity with 85 individuals measured in both experiments (the four-way contrast is of Rural Melanesian or
Indian, Urban Melanesian or Indian).
4The correspondence between Axis scores for all 85 individuals measures in both experiments, along with the significance of the regression. Note that Axis 5 shows
reduced correlation because new probes were designed to distinguish it from Axis 4.
two halves, individuals considered normal weight, with a BMI less
than 25, and overweight or obese individuals with BMI greater
than 25, favors the latter interpretation since there is no associ-
ation with BMI in either half of the data (Figure 6D). Most of
the African Americans in this study have BMI greater than 25,
explaining their high Axis 2 score (note that the Axes are inverted
between microarrays and qRT-PCR arrays due to the nature of the
expression measures). The Asians in the sample are almost all low
BMI and also do not show a trend of association between Axis 2
and BMI. This may suggest a transition in Axis 2 expression as
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FIGURE 5 | Axes of variation. (A) Correlation structure of the seven axes for
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shows that each Axis is closely correlated with the same Axis in the other
experiment. The remaining plots show the relationship between Axis scores
and population sample as in Figure 3, highlighting Axes 2 (B) and 6 (C),
contrasted with a non-significant trend for divergence of Axis 7 in rural
Melanesians (D).
individuals move into the overweight class, and implies that the
effect is more likely environmental than having a direct genetic
basis. However, the divergence in rural Indians cannot be solely
explained by their difference in body mass since jointly fitting
BMI and location to the Indian sample absorbs the BMI effect
while only slightly reducing the significance of the urban – rural
comparison.
DISCUSSION
We have shown that Fluidigm nanoscale quantitative RT-PCR
arrays can be used to probe the geographical genomics of lifestyle
transitions. These arrays facilitate parallel profiling of the abun-
dance of 96 transcripts in 96 samples. By appropriately targeting
genes that are representative of variation throughout the genome,
it is possible to obtain a profile of each person relatively inex-
pensively (currently of the order of just $20). Based on recent
analyses of several large microarray datasets, we chose two sets
of approximately 70 PCR amplicons that represent seven major
axes of variation in the form of BIT, and document how these BIT
repeatedly capture differences among population groups on the
islands of Fiji.
The correlation between measures of gene expression using
the targeted Fluidigm arrays and whole transcriptome microar-
rays in this study was somewhat less than that observed in
pilot analyses of our Atlanta cohort. Three reasons are likely
to have contributed: the small sample size of just 41 individ-
uals leads to imprecise estimates with both technologies; the
Fiji data was affected by relatively low RNA quality (RIN< 7)
for half of the samples (though qualitatively similar results
were obtained when just the high quality samples were con-
sidered; all expression measures were conditioned on RNA
quality statistically); and the BIT probes have not been opti-
mized for capturing the same information as the bead arrays,
so some may perform less well or capture different splice
forms.
In fact, the correspondence of alternate probes for the same
gene on microarrays is often as divergent as the difference between
the less strongly correlated Fluidigm and Illumina probes reported
here (unpublished observations). For this reason, we repeated the
analyses with a second set of probes that resulted from refinement
of the definition of the Axes after completing the first experi-
ment, and found both the results to be in agreement with each
other.
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FIGURE 6 | BMI and axis 2. Although there is an overall significant
correlation between BMI and Axis 2 (p=0.03), it appears to be driven
largely by the low BMI in most of the rural Indians (A), as the correlation
is not observed in each population considered alone. In our Atlanta
Center for Health Discovery and Well-being study (Gibson, 2008), African
Americans have significantly elevated Axis 2 scores relative to Asians
and Caucasians (B), but the significant regression of BMI on Axis 2 is
only seen for Caucasians (C). Considering just the high BMI samples (D)
the correlation is not observed (similarly for low BMI, not shown),
suggests a transition to high Axis 2 as BMI moves into the overweight
category. Note the inversion between Axis scores for Fluidigm and
Illumina data due to the expression profiling measures (hybridization
intensity is directly proportional to transcript abundance, whereas Ct is
inversely proportional to it.)
The major biological finding of this study is that there is a
highly significant impact of lifestyle and ethnicity on gene expres-
sion in the peripheral blood of Fijians. Specifically, rural Indian
villagers on the island of Vanua Levu are markedly distinct from
their urban counterparts in Suva. The rural highland Melanesians
only showed modest differentiation from their urban counter-
parts, who are not distinguishable from the urban Indians with
regards their gene expression. These results recapitulate our find-
ings in southern Morocco (Idaghdour et al., 2008, 2010), where
remote rural Berber villagers tend to have a quite different pro-
file from those of Arab villagers and both Arab and Berber urban
residents. Since we do not have genotype data on the study partic-
ipants, we cannot rule out the possibility that genetic divergence
contributes to the urban-rural comparisons. Comparisons of the
two rural Indian villages did not show any transcriptional diver-
gence between them, and though one of the Melanesian villages
differed significantly for PC1 (result not shown), this could have
either an environmental or a genetic basis. Relatedness is certainly
high within villages, but marriages tend to be between villages so
it is highly unlikely that there is sufficient genetic divergence to
explain the gene expression patterns.
Another possible source of differentiation is regulatory poly-
morphisms that could differ in frequency between the ethnicities.
One of the largest eQTL studies of peripheral blood samples was
recently performed on Dutch and UK populations and controlled
for probe biases. They, identified eQTL in six of the genes that
were that were differentially expressed in our study (SERPING1,
DDX24, OAS3, MX1, ZDHHC18, and NUP214; Fehrmann et al.,
2011), but of these only SERPING1 shows a significant eQTL in
our Atlanta study. While we cannot rule out cis-eQTL contributing
to divergence between the ethnic groups, they are not pervasive in
the studied genes, and could not account for the covariance among
genes. Individual trans-eQTL effects are not large or pleiotropic
enough to cause the observed divergence between Melanesians and
Indians, though in aggregate undetected trans-effects presumably
account for the ethnic differences.
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In both Morocco and Fiji, age and gender also have only a
minor influence on the blood transcriptome. Several studies have
previously (Eady et al., 2005; Karlovich et al., 2009; Xu et al., 2011;
Kent et al., 2012) reported minor age-related differential expres-
sion of inflammatory genes in large population samples, and age
does not appear to be a major factor in our analyses of the tar-
geted 96 transcripts either. In our experience (Idaghdour et al.,
2010, unpublished data) the variance explained is considerably
smaller than lifestyle and ethic differences, and may in any case be
due to correlation with metabolic parameters that differ between
age classes. Our study also has a relatively small variance in age
with a median of 36 years (range 21–65), so differential expression
associated with immunosenescence would not be detected.
The absence of differentiation of rural and urban Melanesian
Fijians is surprising given the differences in their lifestyles, the
former continuing to be quite traditional with minimal influence
of modern conveniences and for the most part a diet that is not
based on processed and convenient foods. On the other hand,
doctors working with the villagers verbally reported increasing
incidence of hypertension and diabetes, metabolic diseases that
were absent from the population two generations ago. This sug-
gests that modernity is starting to impact disease profiles and this
may be reflected in the Suva-like gene expression profiles. By con-
trast, the Indian villagers have retained their mostly vegetarian diet,
use coconut oil instead of vegetable oil in their cooking, and do not
show the epidemiological transition to Western disease (Jamison
and Mosley, 1991; Murray and Lopez, 1997).
The rural Indians have significantly lower body mass indexes,
and this likely contributes to the significant association of Axis 2
with the rural Indian versus urban contrast. It is not yet clear what
molecular or cellular function Axis 2 represents. A small number of
defining genes are annotated to red blood cell function and heme
binding, suggesting that it represents erythrocyte function. Our
previous studies (Preininger et al., submitted) have not detected
any correlation between Axis 2 score and erythrocyte (or platelet)
numbers, and genes that are known to be enriched in these cell
types do not predict the Axis 2 score, so it is not simply a mole-
cular reporter of red blood cell number. It seems less likely that
genetic variation producing this Axis causes variation in BMI, than
that elevated body fat influences gene expression in the axis. Nev-
ertheless, people with similar body weights also differ with respect
to their position along the axis, as can be seen in Figure 6, and
future studies will investigate whether and how this influences the
onset of metabolic syndrome diseases. An alternative possibility is
that Melanesians may have evolved genetic divergence with respect
to regulation of Axis 2 as a result of historical body weight pat-
terns related to fertility-associated fattening rituals (Pollock,1995),
though this is unlikely since the high levels of obesity present on
the islands are thought to be a post-World War II phenomenon
(Hodge et al., 1992).
The other axes that distinguish rural Indians, Axes 5 and 6,
appear to be related to inflammation/innate immune responsive-
ness and development of immunity respectively. Axis 5 is for
example heavily enriched for genes annotated to TLR signal-
ing. A similar study (Freedman et al., 2010) using Fluidigm to
measure transcript abundance in 1,846 Framingham study par-
ticipants showed inflammatory transcripts, notably TLR receptors
and the NFκB pathway, to be associated with obesity and BMI,
particularly when derived from platelets rather than leukocytes.
Our studies seem to separate the BMI and inflammation com-
ponents into different axes, and we note that platelets are mostly
excluded by LeukoLOCK filters, so BMI and inflammation may
subject to different lifestyle influences that are nevertheless not
entirely independent owing to the multivariate nature of gene reg-
ulation. Although there is no clear gene ontology enrichment for
Axis 6, re-examination of a vaccine response study (Nakaya et al.,
2011) showed a strong association with production of high or
low titers of influenza antibodies (M. Preininger, Artika Praveeta
Nath, and Greg Gibson, in prep). Axis 6 was also observed to
differentiate the rural Berbers from urban Moroccans (Idagh-
dour et al., 2010; Preininger et al., submitted), and notably the
sign of the divergence of the rural samples is the same in both
countries: in (Preininger et al., submitted) rural life was mildly
positively correlated with Axis 2 and here it is negatively cor-
related with it, as expected given the inversion of the Axes due
to the array platforms. This difference raises the possibility that
there may be something of a global signature of rural versus
urban living, though it seems likely that local factors are also
impinging. Axis 7 is heavily enriched for interferon and anti-viral
response genes, and interestingly it shows some evidence for being
more strongly induced in the rural Melanesians (lower Ct val-
ues implies higher expression). This is counter-intuitive to the
naïve expectation that they may be relatively unexposed to the
menagerie of infections that would be expected in an urban pop-
ulation. In studies of infectious disease cohorts (Chaussabel et al.,
2008), including Tuberculosis, Staphylococcus, and HIV, Axes 5,
6, and 7 are typically associated with active infection (in prepara-
tion). In conclusion, as in Morocco, we find a strong association
between lifestyle and gene expression in peripheral blood where
differences between ethnicities are only apparent in the rural pop-
ulations. This conclusion should be tempered by concerns over
the small sample size and RNA quality, but it is consistent with
the notion that urban living pushes gene expression along com-
mon axes of variation toward a distinctive state that may represent
an environmental response to modernity. Much of this likely
reflects altered immune function, but the replicated association
of at least one axis with a major indicator of chronic meta-
bolic disease, hints that there is a coordinated cellular response
to high body fat that may influence people’s long-term well-
ness and contribute to the rising morbidity known as metabolic
syndrome.
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FIGURE A1 | Distribution plots of sample by RIN quality. Distribution
plots of Fluidigm Experiments I (A,C) and II (B,D) highlighting the
samples that were excluded (A,B) or included (C,D) for downstream
analysis on the basis of RIN quality. The X axis represents the range of
transcript abundance and the Y axis represents the density for each
profile.
www.frontiersin.org November 2012 | Volume 3 | Article 243 | 13
Nath et al. Lifestyle and gene expression in Fiji
FIGURE A2 | Flow diagram of sampling strategy.
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